In adults with severe sepsis, the disturbances of the sublingual microcirculation can be quantified with orthogonal polarization spectral imaging. We investigated the cutaneous microcirculation of preterm infants with proven infection (PosInf) and with suspected but unproven infection (NegInf). In 25 infants, orthogonal polarization spectral images were obtained daily, videos of the images were blinded, and analyzed off-line. Functional small vessel density (FSVD) was prospectively calculated from day 3 to day 30 of life. There were 17 episodes of proven and nine episodes of suspected but unproven nosocomial late onset infection. Four infants remained healthy. The data were analyzed for the 5 d before the start of antibiotics (day Ϫ5 until day Ϫ1). FSVD varied widely, but in the PosInf-group, we found a 10% decline from day Ϫ5 to day Ϫ1 (p ϭ 0.013). There was no significant change over time in the NegInfgroup (p ϭ 0.58). Thus, in infants with proven infection, FSVD decreases already 1 d before changes in laboratory parameters. However, these changes in FSVD during infection are not represented by absolute values, but must be identified by daily intraindividual observation. (Pediatr Res 66: 461-465, 2009) V ery low-birth weight infants are at increased risk for episodes of nosocomial infection, which contributes significantly to mortality and morbidity (1). Early diagnosis and prompt administration of appropriate antibiotics are crucial to improve outcome but clinical signs of infection are very unspecific. White blood cell count has not been shown to improve early diagnosis; C-reactive protein (CRP) is quite specific but not very sensitive for neonatal infection. Cytokines such as interleukine (IL)-6 increase early in neonatal infection before the rise of CRP, and the combination of both increases sensitivity and specificity (2). The need for early treatment in combination with nonspecific clinical signs leads to significant iatrogenic blood loss (3) and an increased exposure to antibiotics.
V ery low-birth weight infants are at increased risk for episodes of nosocomial infection, which contributes significantly to mortality and morbidity (1) . Early diagnosis and prompt administration of appropriate antibiotics are crucial to improve outcome but clinical signs of infection are very unspecific. White blood cell count has not been shown to improve early diagnosis; C-reactive protein (CRP) is quite specific but not very sensitive for neonatal infection. Cytokines such as interleukine (IL)-6 increase early in neonatal infection before the rise of CRP, and the combination of both increases sensitivity and specificity (2) . The need for early treatment in combination with nonspecific clinical signs leads to significant iatrogenic blood loss (3) and an increased exposure to antibiotics.
Most clinical signs of infection such as change of skin color, a prolonged capillary filling time, and temperature instability are caused by altered microcirculation. Changes in microcirculation play an important role in the development of septic organ dysfunction (4, 5) and the severity of change may even predict outcome (6) . Improved technology has made observation and quantification of microcirculatory parameters possible. One of the most promising instrumentation in the regard is the orthogonal polarization spectral (OPS) imaging technique, which allows new insights in the human microcirculation and semiquantified assessment. This method provides high-resolution images of the microvascular architecture to a depth of 1 mm. OPS has been validated by multiple studies in animals and humans (7, 8) . Using OPS Sakr et al. (6) recently found an association between microcirculatory alterations, organ dysfunction, and death in patients with septic shock. We have previously shown that OPS imaging and measurement of small vessel density can be obtained of the skin of premature infants (9, 10) .
The objective of this study was to prospectively investigate the microcirculation in preterm infants with OPS at the onset of infection.
METHODS

Patients.
For a period of 6 mo, all preterm infants with a gestational age Ͻ30 wk admitted to the intensive care unit were enrolled in a larger microcirculation study between days 1 and 3 of life after parental consent. Details of this study have been previously reported (10) . Gestational age in completed weeks was determined by maternal dates of the last menstrual period and by early ultrasound measurements and was confirmed by clinical examination. Infants with congenital malformations were excluded. The institutional review board of the Medical Faculty of the Ludwig-MaximiliansUniversity Munich approved the study protocol and the consent forms.
We obtained daily video sequences of 10 s duration each from five different spots of the upper inner arm of each patient for the first 30 d of life. Heart rate, systolic, diastolic, and mean arterial blood pressures were recorded simultaneously with the Dinamap (Critikon Vital Monitor, Norderstedt, Germany). Body core temperature with a skin probe over the liver was also recorded, as were incubator temperature and skin temperature at the OPS measurement point. Hb or hematocrit levels were obtained from the charts. For a standardized clinical approach to suspected infection, medical and nursing staff separately completed daily a questionnaire assessing the infant in regard to possible signs of infection. The questionnaire was summarized to an overall score. The physicians' questionnaire contained six items of their daily physical examination (paleness; palpable liver size, abdominal examination; cool extremities; irritability; and capillary filling time) and the nurses' questionnaire contained five items (paleness, general clinical impression, abdominal girth, irritability, and feeding intolerance).
If infection was suspected by the staff, CRP, IL-6 levels, blood, and urine cultures were obtained as part of standard of care. If all cultures and laboratory values remained negative (CRP Ͻ0.5 mg/dL and IL-6 Ͻ10 pg/ mL), antibiotics were stopped after 48 to 72 h. Infants with proven infection were treated until CRP values fell below Ͻ0.5 mg/dL (11, 12) . Treatment decisions were not influenced by the study, and microcirculatory parameters were not known until after the end of the study.
OPS imaging. OPS imaging consists of a cold green light source that is shining through the tissue and with the use of special optics and after multiple scattering events, a virtual light source is created within the tissue at a depth of ϳ1 mm. The light shining back through the tissue is absorbed by Hb, yielding an image of the illuminated vessel in negative contrast with a resolution of 1 pixel Ϸ 1 m. The method has been validated for quantitative measurements of microcirculatory parameters in animal model against intravital fluorescence microscopy (7). As in our previous studies, images were obtained with the use of CYTOSCAN A/R from the inner upper arm near the axilla with the least possible contact to avoid pressure against the skin (9,10). As previously described, a small drop of normal saline warmed to incubator temperature was used for better contact (9, 10) . Skin temperature did not change when applied. Sedation was not necessary.
Images were stored on videotape and analyzed off-line. Functional small vessel density (FSVD), red blood cell velocity (RBC Vel) and vessel diameter were calculated with the use of CapiScope program in as many vessels as possible per observation area. To measure the diameter, a vessel is selected from the image on the video screen and a line is placed in the middle of the vessel. The program calculates the diameter from 1 pixel perpendicular lines placed over the whole length of the drawn line, based on gray level change. RBC Vel is measured using a spatial correlation technique, which requires a 10-s video sequence in which the tissue reveals little movement. Vessel density is defined as the length of RBC-perfused vessels per observation unit area and is given as centimeter per square centimeter. For this article, the expression "vessel density" refers to perfused vessels (FSVD). In neonates, because of the small size of vessel, arterioles, capillaries, and postcapillary venules cannot be clearly distinguished, and so calculations were done in vessels of diameter ranged from 6 to 24 m (CapiScope: www.kktechnology. com/help/capiscope.html).
Because heterogeneity of flow seems to be an important characteristic of microvascular alterations during sepsis, we analyzed the sequences from day Ϫ5 to day 0 with a scoring system adapted from the method of De Backer and Boerma (13) (14) (15) . Briefly, three equidistant horizontal and three vertical lines were drawn. The type of flow from vessel cutting one of the lines was defined as continuous or pathologic (intermittent, sluggish, or absent). Values are given as percent of pathologic flow of the total number of vessels crossing a vertical horizontal line. Only vessels with diameter Ͻ24 m were included.
The images were allocated random numbers, and all images from all infants during the entire study time were analyzed by two of the investigators (K.W. and J.K.), who were, therefore, blinded to the clinical status of the infant at the time of the analysis. Only after all images were analyzed, data were grouped according to the infants' clinical status. The two investigators analyzed the images of the first 10 infants together until variation of FSVD was Ͻ2%.
The infants were retrospectively divided in 3 groups: PosInf group, infants with proven infection by laboratory parameters and/or positive blood culture; NegInf group, infants with suspected but not proven infection; and healthy group, infants who never had any episode of suspected or proven infection and did not receive any antibiotic treatment during the first 30 d of life. We defined the day when antibiotic treatment was started as day 0 of infection, and evaluation was concentrated on 5 d before (day Ϫ5 until day Ϫ1) and 5 d after (day 1 until day 5) day 0.
Statistics. Data are presented as median with 95% confidence interval (CI). Data were analyzed using Mann-Whitney U test for unpaired and the Wilcoxon test for paired data. For correlation, the Spearman rank two-way test was applied. The level of significance was set at p Ͻ 0.05, by repeated tests at p Ͻ 0.01.
All calculations were done with GraphPad Prism 3.0 for Windows 95 (GraphPad Software, Inc., San Diego, CA).
RESULTS
Clinical data. All 25 preterm infants born during the 6-mo study period were enrolled in the study. Gestational age ranged from 23 to 29 wk and birth weight from 570 to 1488 g (Table 1 ). All 25 infants survived the first 30 d of life. We observed 17 episodes of proven infection in 14 preterm infants (PosInf group). There were nine episodes of suspected but not confirmed episodes in seven infants (NegInf group). No infant had both proven infection and suspected infection. Each episode was analyzed separately. Four infants remained well without any signs of infection during the entire study time. There were no significant differences in gestational week, birth weight (Table 1) (Table 1) . Hb levels, body, and incubator temperatures did not change from day Ϫ5 to day Ϫ1. Incubator temperature differed slightly but significantly between the PosInf and NegInf group ( Table  1) . The clinical score of the medical or the nursing staff varied widely and did not change significantly before infection or even on the day of infection.
Microcirculatory parameters. FSVD varied widely between individuals. Nevertheless, the paired comparison between day Ϫ5 and day Ϫ1 revealed a significant decrease of FSVD in the PosInf group (Table 2 and Fig. 1 ). In contrast, FSVD did not change significantly in the NegInf from day Ϫ5 to day Ϫ1. In both groups, we did not find a significant change from day 0 to day ϩ5. Figure 2 illustrates the decrease of FSVD of a premature infant with proven infection. There were no statistical significant changes in RBC Vel or vessel diameter from day Ϫ5 to day Ϫ1 in the interindividual as well as in the intraindividual comparison in the two groups (Table 2) . When subdividing the PosInf group in before (day Ϫ5 until day Ϫ1) and while infection (day 0 until day ϩ5), RBC Vel seemed to be reduced during the infection, but this change was not statistical significant (mean day Ϫ5 to day Ϫ1: 306 (297-334) m/s versus mean day 0 to day ϩ5: 280 (283-317) m/s; p ϭ 0.2). There was no significant correlation between RBC Vel and cardiovascular parameters for any group. Pathologic flow is rarely observed in preterm infants OPS imaging. We did not find a significant difference in percentage of disturbed flow between PosInf and NegInf. It seems that % pathologic flow rose slightly until day Ϫ2 in the PosInf, but this was not statistically significant (Fig. 3) .
DISCUSSION
Our study demonstrates that changes in microcirculation play a crucial role in the development of septic organ dysfunction, but so far mainly macrocirculatory parameters, such as blood pressure, cardiac output and whole body oxygen delivery are measured in sepsis. Capillary refill time is an easy but quite subjective measurement with an endpoint that is difficult to define and is influenced significantly by environmental factors (16) . FSVD is well validated and seems to be one of the best quantitative indicators of microvascular perfusion. As only RBC-perfused microvessels are included in its measurement FSVD can be seen as an indirect measure for oxygen transport (17) . Despite the high inter-and intraindividual variability in our microcirculatory parameters, a change in FSVD associated with infection could be demonstrated for the first time. In infants with proven infection, we found a statistical significant decrease in FSVD from 5 d before infection to 1 d before clinical signs of infection and start of antibiotic treatment, whereas no such change could be demonstrated in infants with suspected but unproven infection. However, only intraindividual comparisons revealed the decrease in FSVD and not absolute values of FSVD.
This reduction of vessel density is in accordance to former animal experiments and human studies. De Baker et al. demonstrated a significantly diminished perfusion of small sublingual capillaries in adult patients with septic shock, which increased over time in survivors in comparison with nonsurvivors (15). We did not observe any changes during the course of infection in our premature infants, but none of our infants were in shock and most had only mild infection. Extremely low-birth weight infants are at high risk for secondary infection with significant mortality and long-term morbidity. They receive antibiotics at the first possible signs of infection to prevent deterioration. This may explain some of our findings, because we obtained our measurements very early in the course of infection. We were unable to demonstrate changes in the magnitude seen in adults with sepsis. Probably because of the very early treatment with antibiotics, none of our infants reached the severity of disease reported in the adult sepsis studies and none died. Nosocomial infections in preterm infants are frequently caused by Gram-positive Staphylococcus species and are subtle in onset. Dramatic changes in microcirculation cannot be expected. Mean FSVD decrease was 10% in our infants with proven infection. Figure 1 . FSVD on day Ϫ5 and day Ϫ1 for the PosInf group (A) and NegInf group (B). In PosInf group, the FSVD decreased in seven pairs (mean decrease, 17%; range, 8 -30%), increased in two pairs (2 and 6%), and data for one of the two dates was missing in five episodes. In NegInf group, the FSVD decreased in four pairs (mean decrease, 17%; range, 6 -28%), increased in four pairs (mean, 9%; range, 6 -12%), data for one of the two dates was missing in one episode, and for one infant, data were only available from day 0 on. In RBC Vel, we found no change between day Ϫ5 and day Ϫ1, this parameter merely showed a reduction while infection but without reaching statistical significance. Nevertheless, this tendency agrees with findings of other authors where blood flow decreases during infection or sepsis (18) .
The mean vessel diameter was 14 -19 m and was not different between the groups. This is not surprising because we evaluated only vessels with diameters Ͻ24 m and were not able to obtain all vessel diameters for each image. At a hematocrit Ͻ25%, a systematic error of 4 -5 m appears when determining the diameter by OPS imaging compared with intravital microscopy (8) . Therefore, changes in diameter might be underestimated. This is not very likely in our study because all infants had hematocrit values above the critical level of 25%. The new SDF imaging software might have an advantage in regard to this question, because vessel diameters are calculated automatically.
Incubator temperature was slightly but significantly lower in the PosInf group. This could be due to a higher body temperature in the infants with infection, which was counter regulated by the nurses by lowering the incubator temperature. On the other hand, incubator temperature did not differ between day Ϫ5 and day Ϫ1. Therefore, the change in microcirculation is unlikely to be caused by lower incubator temperature. In the past, we have shown, that under the condition of "comfort temperature" (a minimal temperature difference between the abdominal wall and the extremities smaller than 2°C) preterm infants with signs of a compromised microcirculation have higher skin blood flow than under "neutral temperature" (body surface temperature at the liver of ϳ37°C regardless of temperature of the extremities) (19) . There are major differences between the studies, which make comparisons very difficult. First, the method used to assess microcirculation, because the major part of the photoplethysmographic signal represents blood flow through arteriovenous shunts from a greater depth of the skin and larger vessels than in OPS. Second, incubator temperatures and body temperatures at "comfort temperature" are significantly higher than the temperatures in the current study.
Are the observed changes in microcirculatory parameters associated with infection? Although the mean arterial pressure of sick infants (PosInf group) was significantly lower than mean arterial blood pressure of healthy infants, it is unlikely that this factor is responsible for the microcirculatory alterations on its own. Animal experiments showed that changes in microcirculation are independent from arterial pressure. We also did not find a correlation between microvascular parameters and the blood pressure values of our preterm infants.
In adults, the microvascular alterations were demonstrated in the sublingual tissue. Because this vascular bed is not readily accessible in the newborn, since it would require a smaller probe design than currently available, we chose the transdermal application of OPS imaging. In premature neonates, microvascular malperfusion becomes more evident than in any other patient group. Their cardiovascular response to hypoperfusion is very restricted because they are limited in heart rate response and their ability to increase myocardial contractility. As this is compensated by a profound vasoconstriction mainly of skin arteriovenous shunts the skin of neonates is somewhat a "shock organ," where distinct vasoconstriction indicates insufficient tissue perfusion (20) . Thus, changes in the skin's microcirculation of a preterm newborn associated with infection can be expected. The significant decrease in FSVD 1 d before clinical or biochemical diagnosis of infection only became evident in PosInf group. On the basis of these results, the early detection of true infections could be supported by OPS imaging and consequently lead to a reduction of blood sampling and antibiotic therapy.
One problem of OPS imaging for microvascular monitoring in the human is the variability of vessels measured. When using the technique in the hamster skin fold chamber, it is possible to examine identical vessels over time as is in human capillaroscopy of the nail fold. But when using OPS imaging in humans, the vessels cannot be marked, and so it is not possible to measure identical vessels at different time points (9) .
Another limiting factor is the application pressure, which cannot be controlled objectively without any special construction and may lead to pressure artifacts. The existing appliances, e.g., working with vacuum are hardly practicable in premature infants as the skin is too sensible and space in incubator is very restricted (21) . If the probe is placed at the skin with uncontrolled high pressure, microvessels are compressed, and the blood flow is inhibited or even stagnates/ stops. This can lead to underestimated FSVD or incorrect measurements of RBC Vel. But with some experience it is possible to identify high application pressure, and so artifacts can be avoided (22) .
At the time of the study neither the newer Sidestream Dark Field imaging probe, which produces better capillary quality than OPS, nor the faster automated analysis were available. It is speculative but quite possible that with better technology early changes in microcirculation as noninvasive markers of infection can be used as screening method.
In conclusion, we demonstrated that in premature infants microcirculatory alteration during infection could be measured by OPS imaging very early in the course of the disease. A decreasing FSVD correctly identified episodes of infections already 1 d before clinical suspicion led to treatment. Therefore, microcirculatory imaging might support early diagnosis of infections in premature infants and hence influence the clinical course of infection. However, these changes in FSVD during infection are not represented by absolute values but must be identified by daily intraindividual comparisons.
